The homogeneous charge compression ignition (HCCI) combustion mode applied in marine diesel engine is expected to be one of alternative technologies to decrease nitrogen oxide (NO X ) emission and improve energy utilization rate. Applying the chemical-looping combustion (CLC) mechanism inside the cylinder, a numerical study on the HCCI combustion process is performed taking a marine diesel engine as application object. The characteristic feature of combustion process is displayed. On this basis, the formation and emission of NO X are analyzed and discussed. The results indicate that the HCCI combustion mode always exhibit two combustion releasing heats: low-temperature reaction and high-temperature reaction. The combustion phase is divided into low-temperature reaction zone, high-temperature reaction zone and negative temperature coefficient (NTC) zone. The operating conditions of the high compression ratio, high intake air temperature, low inlet pressure and small excess air coefficient would cause the high in-cylinder pressure which often leads engine detonation. The low compression ratio, low intake air temperature and big excess air coefficient would cause the low combustor temperature which is conducive to reduce NO X emissions. These technological means and operating conditions are expected to meet the NO X emissions limits in MARPOL73/78 Convention-Annex Amendment.
Introduction
Since the first industry revolution, diesel engine was used on ship and has contributed significantly to shipping industry. At the same time, environment pollution problem caused by harmful emissions especially the nitrogen oxide (NO X ) from marine diesel engine is more serious, which have attracted wide international attention [1] .
Convention-Annex Amendment to MARPOL73/78 worked out by the International Maritime Organization (IMO) for the prevention of air pollution from ships has became effective on May 19, 2005. In addition, in October 2008, the Marine Environmental Protection Committee (MEPC) of IMO agreed upon progressively stricter limitations for NO X emissions from vessels based on their date of engine installation with the standards of Tier , Tier and Tier . These standards have taken effect beginning on July 1, 2010.
As shown in Table 1 , the Tier standard is the strictest mandatory requirement applied for the engine of which installation date is later than January 1, 2016 in designated Emission Control Areas (ECA). And the Tier requirement is still performed outside the ECA. Compared with the requirements of Tier and Tier , NO X emissions must decrease by 74%-79% and 80% respectively to meet the Tier requirement. "n" refers to rated engine speed (r·min -1 ). All the NO X emissions limits exclude ships with marine diesel engines less than a power output of 130 kW or ships solely for emergency use such as emergency diesel engine, lifeboat engines etc. *Annex VI entered into force in 2004, but it applies retroactively to new engines larger than a power output of 300kW installed on ships on or after January 1, 2000. ** Tier III applies only in emission control areas.
In the face of the new increasingly stringent NO X emission reduction regulations and demand for the higher energy utilization rate. The development and application of effective energy-saving and emission reduction technology adapted in the marine diesel engine are has becoming one of the most basic way [2, 3] , except the guidance of the government policies. Homogeneous charge compression ignition (HCCI) is one of the most attractive modes for automotive engines to achieve both high efficiency and low nitrogen oxide (NO X ) and particulate matters (PM) [4, 5] .
The HCCI combustion technology has received increased attention for its potentials of ultra-low NO X and PM emissions and high thermal efficiency. A significant feature of HCCI is that the compression ignitions are happened in multiple regions. Therefore, the temperature inside the combustion chamber is relatively uniform, the cyclic variations are small and there are no hightemperature zones in combustion process. These characteristics can improve the combustion roughness and fuel economy and the formations of NO X and PM are controlled effectively. Applying the chemical-looping combustion (CLC) mechanism inside the cylinder, a numerical study on the HCCI combustion process is performed taking the MAN-B&W6L23/30-A marine diesel engine as application object. The characteristic feature of combustion process is displayed. On this basis, the formation and emission of NO X are analyzed and discussed.
Establishment of computational model
The elementary chemical reactions of diesel combustion in the cylinder are very complex and extremely large in quantity because of the multiple components and uncertainty component concentration in diesel fuel [6, 7] . Consequently, the other single component fuels are always selected as replacements for diesel fuel in combustion simulation. Isooctane is a kind of ideal alternative fuel whose cetane number is approximately of diesel fuel [8] .
In this modeling, it is assumed that the thermodynamic pressure, thermodynamic temperature and composition concentration of inflammable mixture are completely uniform in cylinder combustion chamber. The convection heat transfer of cylinder wall is considered, but the radiation heat transfer is ignored. The mixed gas (working fluid) in cylinder, which is from system boundary, and residual exhaust gas are supposed to be thoroughly mixed instantaneously during the intake stroke. The change of cylinder volume caused by piston motion is simplified to a slider-crank mechanism.
Results and analysis
In the simulation calculation, MAN-B&W6L23/30-A marine medium-speed diesel engine in marine power plant laboratory of Dalian Maritime University is chosen as the simulation research object. Table 2 shows the structural specifications of MAN-B&W6L23/30-A diesel Engine [9] .
The TDC (Top Dead Center) of the intake stroke is set as the zero point of crank angle (0°CA). The computational domain starts from the starting point of compression stroke, ends with terminal point of expansion stroke. So the range of crank angle is from 180°CA to 540°CA. The fuel injection way adopts the port fuel injection. Figure 1 is the Heat release rate curve of isooctane HCCI combustion. The curve exhibits two peak values which are the combustion releasing heats of lowtemperature reaction (347°CA) and high-temperature reaction (354°CA). The combustion releasing heat of high-temperature reaction accounts for above 95% of total releasing heat. Figure 2 shows the division of ignition time and combustion phase. The ignition points of lowtemperature reaction zone and high-temperature reaction zone correspon to the two combustion releasing heats. The combustion phase is divided into low-temperature reaction zone, high-temperature reaction zone and negative temperature coefficient (NTC) zone. Figure 3 and Figure 4 show the effects of the compression ratio on combustor temperature and incylinder pressure. According to the observation, the compression ratio affects the temperature and pressure greatly. With the compression ratio improves, both the temperature and pressure increase continuously and the rates are slowed down. On the whole, the peaks of combustor temperature are always low in HCCI combustion model compare with the conventional diesel engine with the same operation condition. When the compression ratio exceeds 16, the peak of combustor temperature has already over 2000K that reached the level of conventional diesel engine. The modern marine diesel engine commonly adopts high compression ratio that favorable for the thermal efficiency and fuel economical efficiency significantly. Due to the lower combustor temperature, the NO X emissions in HCCI combustion mode will be controlled effectively. Figure 5 and Figure 6 show the effects of the intake air temperature on combustor temperature and in-cylinder pressure. With the rise of intake air temperature, the combustor temperature increases in the case of unchangeableness of the other initial conditions, but the max firing pressure slightly decreases. The ignition points of high-temperature reaction zone are brought forward with intake air temperature. These facts will promote the NO X emissions for the combustor temperature play important role in the chemical reaction rate of NO X formation [10] . Figure 5 . Effect of the intake air temperature on combustor temperature (Intake pressure p 0 =0.25MPa, compression ratio İ=13, excess air coefficient Ȝ =2.8.) Figure 6 . Effect of the intake air temperature on in-cylinder pressure (Intake pressure p 0 =0.25MPa, compression ratio İ=13, excess air coefficient Ȝ =2.8.) Figure 7 and Figure 8 show the effects of the intake pressure on combustor temperature and in-cylinder pressure. It is shown that the increase of intake pressure leads to rising of in-cylinder pressure, but the maximum combustor temperatures often remain about the same which have a relatively small impact on the NO X formations and emissions. Also, the ignition points of high-temperature reaction zone are brought forward with intake pressure that would extend the chemical reaction time of oxygen (O 2 ) and nitrogen (N 2 ) in high temperature zone. Figure 9 and Figure 10 show the effects of the excess air radio on combustor temperature and in-cylinder pressure. The simulation results confirm that, the impacts of excess air radio to the combustor temperature and in-cylinder pressure are remarkably. Overall, both the combustor temperature and in-cylinder pressure decrease with the increase of the excess air radio. The ignition points of high-temperature reaction zone are postponed that would decrease the chemical reaction time of oxygen (O 2 ) and nitrogen (N 2 ) in high temperature zone. These factors are not beneficial to the formations of NO X . Related research also confirmed HCCI engines have extraordinarily lower NO X emissions with the dilute homogeneous air and fuel mixture. The NO X emissions of HCCI marine diesel engine can be controlled by adjusting the excess air radio. Figure 9 . Effect of the excess air radio on combustor temperature (Intake air temperature T 0 =320K, intake pressure p 0 =0.25MPa, compression ratio İ=13.) Figure 10 . Effect of the excess air radio on in-cylinder pressure (Intake air temperature T 0 =320K, intake pressure p 0 =0.25MPa, compression ratio İ=13.)
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Conclusions
(1) Results from simulation confirm that HCCI combustion mode has the combustion releasing heats of low-temperature reaction and high-temperature reaction. The combustion phase is divided into low-temperature reaction zone, high-temperature reaction zone and negative temperature coefficient zone (NTC).
(2) The operating conditions of the high compression ratio, high intake air temperature, low inlet pressure and small excess air coefficient would cause the high incylinder pressure which often leads engine detonation.
(3) Applying HCCI combustion mode in marine diesel engine, the low compression ratio, low intake air temperature and big excess air coefficient would cause the low combustor temperature which is conducive to reduce NO X emissions. These technological means and operating conditions are expected to meet the NO X emissions limits in MARPOL73/78 Convention-Annex Amendment. 
